The Paradox of Progesterone (P4) Actions on Uterine Epithelia in Uteri of Mammals
Uterine receptivity to implantation is dependent on P4, which is permissive to actions of other hormones from the anterior pituitary and trophectoderm such as interferons, chorionic gonadotropin, prolactin, and placental lactogens (CSH1) [18] . The paradox is that cessation of expression of PGR and ESR1 by uterine epithelia is a prerequisite for uterine receptivity to implantation, expression of genes for secretory proteins, and selective transport of molecules into the uterine lumen to support conceptus development. Silencing expression of PGR in uterine epithelia may allow P4 to act on PGRpositive uterine stromal cells to induce expression of progestamedins, e.g., FGF7 and FGF10, and hepatocyte growth factor (HGF), which then exert paracrine effects on uterine epithelia and conceptus trophectoderm that express their receptors. Spatial and temporal changes in expression of ESR1 and PGR occur in the uteri of rodents during the periimplantation period so that PGR are restricted to uterine stromal cells [19] . Simon et al. [20] used uteri from wild-type and PGR null mice to produce tissue recombinants and demonstrate that only those with wild-type stroma and wildtype epithelia responded to P4 with increased expression of Indian hedgehog (Ihh), which induces Ptch1 and Nr2f2 in stromal cells to initiate implantation and decidualization. It has not been established whether a progestamedin mediates stromal-epithelial cell signaling or progesterone acts via a mechanism (or mechanisms) independent of the classical PGR pathway [21] [22] [23] [24] [25] .
Jeong et al. [26] examined the roles of Foxa2 as it is expressed only in the uterine GE of mice. Because Foxa2À/À mice die between Days 10 and 11 of pregnancy, the investigators developed a mouse model in which Foxa2 was conditionally ablated in the uterus. They initially confirmed that Foxa2 is expressed only in uterine GE and that its expression increased from Day 0.5 to Day 2.5 and then decreased until Day 4.5; Day 4.5 was the last day of evaluation. Using ovariectomized wild-type females in a hormone replacement study, it was determined that: 1) P4 did not affect Foxa2 expression; 2) E2 suppressed Foxa2 mRNA expression at 48 hours, but not at 4 or 24 hours after treatment; and 3) E2 and P4 further inhibited Foxa2 mRNA expression at 24 hours. The conclusion of the authors that E2 and P4 inhibit expression of Foxa2 requires further consideration. First, cell-specific changes in Foxa2 expression may not be detectable using RT-PCR. Second, expression of Foxa2 was greatest in the absence of liganded PGR prior to Day 3 of pregnancy and lowest after Day 3 when liganded PGR increases [19] . Third, ESR1 and Foxa2 are abundant in uterine luminal epithelium (LE) and GE between Days 1 and 4 of pregnancy, but circulating levels of E2 are very low (ESR1 present, but insufficient ligand). Fourth, Foxa2 expression decreased between 4 and 24 hours after treatment with E2 or E2 and P4, which would increase PGR in uterine GE. Fifth, Foxa2 expression increased between 4 and 24 hours in mice treated with sesame oil (PGR in uterine GE, but no ligand) or P4 (time-dependent decrease in PGR).
The Foxa2 mutant mice produced fewer litters, with fewer pups per litter and, on Day 5.5 of pregnancy, they had fewer implantation sites (2.75 6 1.25) than did control mice (8.20 6 0.73). The blastocysts in mutant mice attached to the uterine LE but could not undergo invasion or initiate a uterine decidual response in most females. In mutant mice with a decidual response, the decidual region and conceptuses were smaller and the morphology of uterine stromal cells was abnormal. Further, uterine horns of wild-type mice exhibited robust decidual responses to artificial stimulation, whereas the decidual response was markedly reduced in Foxa2 mutant mice.
A morphological study revealed that Foxa2 mutant mice had few uterine glands [26] and, therefore, low expression of Lif on Day 3.5 compared to wild-type mice. Expression levels for Ihh, Hoxa10, Wnt5a, Wnt7a, Ptch1, Hoxa11, Wnt4, Bmp2, Cebpb, and Hbegf mRNA were not different, but Ptgs2 expression was different between wild-type and mutant mice. Based on that finding, the authors demonstrated that intrauterine treatment of mutant mice with LIF rescued the decidual defect.
The results of this elegant and extensive study indicate a critical role for Foxa2 in uterine adenogenesis, implantation, uterine decidualization, and expression of Lif. The variation in uterine adenogenesis in Foxa2 mutant mice is likely to explain the variation in implantation rates, decidual response, and litter size, as well as expression of Lif, which is known to be required for successful pregnancy in mice. However, understanding hormonal regulation of FOXA2 requires knowledge of cellspecific ESR1 and PGR in the uteri of mice. It is possible that E2 and P4 regulate expression of Foxa2 in uterine GE via a progestamedin or other stromal cell-derived uterine factor(s) or simply by affecting the presence or absence of PGR in uterine GE. There is compelling evidence that uterine stromal cells regulate development and function of the overlying epithelial cells [20, 27] , and results of research by Jeong et al. [26] provide valuable insights into the roles of Foxa2 in uterine adenogenesis and functionality of the adult uterus.
FIG. 1. Uterine glands are required for successful pregnancy in mammals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] because they produce histotroph that contains a complex array of molecules ranging from nutrients such as glucose and amino acids to cytokines and extracellular matrix molecules. Ablation of uterine adenogenesis during the neonatal period results in failure of the adult uterus to support pregnancy beyond the pre-implantation period [3] [4] [5] . The study by Jeong et al. [26] revealed that Foxa2 is required for uterine adenogenesis in mice and that deficiencies in uterine gland development lead to deficiencies in histotroph, particularly Lif, which is required for blastocysts to undergo implantation and induced a uterine decidual response required for maintenance of pregnancy. IFN, interferon.
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